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1 Introduction
Unveiling the nature of dark matter (DM) constitutes a fundamental problem in physics.
DM plays an important role in large scale structure formation as well as the evolution of
the Universe. Several earth and space based experiments are searching for DM to study
its properties.
Starting from the simple observation that the bulk of the ordinary matter is composite,
i.e. is made by neutrons and protons, it is justified and intriguing to explore the paradigm
according to which also DM has a composite nature.
Composite Higgs models, such as the contemporary Technicolor models, present rel-
evant examples in which the model can simultaneously address the naturalness problems
of the SM and offer well-motivated composite DM states. Composite DM states in these
models can be heavy, typically of the order a few TeV [1–3], when identified with the com-
posite fermions of the theory, or light, i.e. with masses ranging from a few GeV to hundreds
of GeV if identified with the (pseudo) Goldstone [4]. Several asymmetric DM candidates
appeared in the literature [1–11]. An interesting variation on the main composite Higgs
theme is the one according to which the composite Higgs is also a (pseudo) Goldstone boson
by Kaplan and Georgi [12]. A unified description of composite Higgs models is given in [13].
However, so far, composite Goldstone DM phenomenology relied solely on the symme-
tries of the underlying gauge theory and effective Lagrangians descriptions. While these
approaches are useful, an estimate of the form factors dictating the interactions, and as-
sociated physics, between the DM candidate and ordinary matter is essential to guide the
experimental searches. Furthermore, due to the composite nature of the DM states, the
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knowledge of the energy dependence of the form factors allows to study and relate the DM
properties in different energy regimes ranging from a few keV to hundreds of GeV.
Here we consider a template of composite Goldstone boson DM [8] investigated on the
lattice in [14, 15], namely an SU(2) gauge theory with two fundamental fermion flavors. We
view this theory as the kernel from which more elaborate models can grow. For example,
there are extensions that show how a 125 GeV scalar can emerge [16]. The USQCD collab-
oration highlighted this lattice theory in a recent white paper [17] and studied the effects
of additional fermions in [18]. Other groups have reported results at strong coupling [19],
results with nonzero chemical potential [20–24], and results with chiral lattice fermions [25].
Dark matter candidates from nuclei in this lattice theory were discussed in [26, 27]. Dark
matter in the related SU(3) and SU(4) lattice theories were considered in [28] and [29]
respectively. Our minimal template has the appeal to address simultaneously electroweak
symmetry breaking and the origin of a naturally-light DM candidate [8].
The template is an SU(2) gauge theory with two fundamental fermion flavors, named
u and d. This action has a global SU(4) symmetry, and the lattice simulations of ref. [14]
showed that it is dynamically broken to Sp(4), thereby producing five Goldstone bosons.
Three of these are eaten by the W± and Z bosons; the remaining pair of Goldstones is the
DM candidate and its antiparticle. Depending on the cross section for annihilation into
standard model fields one can have a symmetric (i.e. thermal relic density), asymmetric, or
a mixed scenario [11]. An exact Goldstone boson would-be massless but, like the pions of
QCD, the DM candidate can acquire a small mass from explicit symmetry breaking through
new interactions breaking the original SU(4) symmetry to SUL(2)× SUR(2)× U(1) while
keeping the u and d massless. The effective Lagrangian operator was constructed in [8]
and corresponds to an effective four-fermion interaction. However, as recently pointed
out in [13], standard model radiative corrections alone are sufficient to give mass to the
would-be Goldstone Boson. The present model allows us to study the interaction between
composite DM and ordinary matter by determining the associated electric dipole moment.
The light DM limit was originally introduced to explore models of interfering
DM [5, 30, 31] useful to alleviate the tension between the experimental observations by
DAMA/LIBRA [32] and the limits set by XENON100 [33, 34] and CDMS [35]. However
with the very constraining results by LUX [36] it has become increasingly harder to rec-
oncile these anomalies. We will therefore assume here a very conservative attitude and
compare our results only with the most severe exclusion results from LUX, XENON100
and SuperCDMS [37].
The present paper is organized as follows. Section 2 explains how lattice computations
of the form factors can be performed. Section 3 derives relationships among the form
factors of the five Goldstone bosons. Section 4 presents the numerical results of our lattice
simulations and provides evidence that vector meson saturation for the form factors applies
even in the case of the two color theory. Section 5 combines the lattice results to determine
the electroweak form factor and the associated DM proton cross section. The effect of Higgs
exchange and the direct comparison with the experimental data is presented in section 6.
Section 7 contains our conclusions.
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2 The lattice method
In the continuum, the Lagrangian for our technicolor template is
L = −1
4
F aµνF
aµν + u(iγµDµ −mu)u+ d(iγµDµ −md)d (2.1)
which can be discretized in the familiar way to arrive at a Wilson action,
SW =
β
2
∑
x,µ,ν
(
1− 1
2
ReTrUµ(x)Uν(x+ µˆ)U
†
µ(x+ νˆ)U
†
ν (x)
)
+
∑
x
ψ(x)(4 +m0)ψ(x)
−1
2
∑
x,µ
(
ψ(x)(1− γµ)Uµ(x)ψ(x+ µˆ) + ψ(x+ µˆ)(1 + γµ)U †µ(x)ψ(x)
)
, (2.2)
where Uµ is the gauge field and β the gauge coupling in conventional lattice notation. ψ is
the doublet of u and d fermions, and m0 is the 2×2 diagonal mass matrix.
Mesons will couple to local operators of the form
O(Γ)ud (x) = u(x)Γd(x) , (2.3)
O(Γ)
du
(x) = d(x)Γu(x) , (2.4)
O(Γ)
uu±dd(x) =
1√
2
(
u(x)Γu(x)± d(x)Γd(x)
)
, (2.5)
where Γ denotes any product of Dirac matrices. Baryons (which are diquarks in this
two-color theory) will couple to local operators of the form
O(Γ)ud (x) = uT (x)(−iσ2)CΓd(x) , (2.6)
O(Γ)du (x) = dT (x)(−iσ2)CΓu(x) , (2.7)
O(Γ)uu±dd(x) =
1√
2
(
uT (x)(−iσ2)CΓu(x)± dT (x)(−iσ2)CΓd(x)
)
, (2.8)
where the Pauli structure −iσ2 acts on color indices while the charge conjugation operator
C acts on Dirac indices.
A photon can couple to a local vector operator such as O(γµ)
uu±dd which becomes a
conserved current in the continuum limit but is not conserved in the lattice theory. In
studies of the electroweak form factors, it is advantageous to work directly with the lattice
conserved currents,
V uµ (x) =
1
2
u(x+ µˆ)(1 + γµ)U
†
µ(x)u(x)−
1
2
u(x)(1− γµ)Uµ(x)u(x+ µˆ) , (2.9)
V dµ (x) =
1
2
d(x+ µˆ)(1 + γµ)U
†
µ(x)d(x)−
1
2
d(x)(1− γµ)Uµ(x)d(x+ µˆ) , (2.10)
that are easily combined to produce the electromagnetic current,
Vµ(x) =
1
2
V uµ (x)−
1
2
V dµ (x) . (2.11)
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Figure 1. The three correlation functions analyzed in a simultaneous fit to determine the mass and
form factor of a Goldstone boson. The central time t is varied throughout the range ti < t < tf .
The outgoing Goldstone boson momentum is chosen to be ~pf = ~0 in our simulations.
A three-point correlation function that probes the elastic form factor of the DM can-
didate is
C
(3)
ud (ti, t, tf , ~pi, ~pf ) =
∑
~xi,~x,~xf
e−i(~xf−~x)·~pf e−i(~x−~xi)·~pi
〈
0
∣∣∣O(γ5)ud (xf )Vµ(x)O(γ5)†ud (xi)∣∣∣ 0〉
(2.12)
where ~x denotes the spatial 3-vector within the 4-vector x. A two-point correlation function
represents particle propagation,
C
(2)
ud (ti, tf , ~p) =
∑
~xi,~xf
e−i(~xf−~xi)·~p
〈
0
∣∣∣O(γ5)ud (xf )O(γ5)†ud (xi)∣∣∣ 0〉 . (2.13)
Two methods have been used for the lattice analysis, as has been done from the earliest
dynamical study of the pion form factor in SU(3) QCD [38]. One method is to perform
a simultaneous fit to the three correlation functions shown pictorially in figure 1. In
particular, these correlation functions must be fit to their expected hadronic forms:
C
(3)
ud (ti, t, tf , ~pi, ~pf ) =
∑
ni
∑
nf
Znf
e−(tf−t)Enf (~pf )
2Enf (~pf )
〈nf (~pf )|Vµ(0)|ni(~pi)〉e
−(t−ti)Eni (~pi)
2Eni(~pi)
Z∗ni ,
(2.14)
C
(2)
ud (ti, tf , ~p) =
∑
n
|Zn|2 e
−(tf−ti)En(~p)
2En(~p)
. (2.15)
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In principle the sums include all hadrons having the quantum numbers of the operator
O(γ5)ud , but in practice only the lightest few hadrons will be resolved by typical lattice data
if ti and tf are sufficiently far apart on the lattice. In our simulations C
(3) is dominated by
the ground state, i.e. the Goldstone boson of interest (generically named Π), but excited
states are still observed in the pair of C(2) correlators. Therefore we can fit to
C
(3)
ud (ti, t, tf , ~pi, ~pf ) = |ZΠ|2
e−(tf−t)EΠ(~pf )
2EΠ(~pf )
e−(t−ti)EΠ(~pi)
2EΠ(~pi)
FΠ(Q
2)(pi + pf )µ , (2.16)
C
(2)
ud (ti, tf , ~p) = |ZΠ|2
e−(tf−ti)EΠ(~p)
2EΠ(~p)
+
∑
excited n
|Zn|2 e
−(tf−ti)En(~p)
2En(~p)
, (2.17)
where we have used the standard definition of the form factor FΠ(Q
2),
〈Π(~pf )|Vµ(0)|Π(~pi)〉 = FΠ(Q2)(pi + pf )µ , (2.18)
Q2 = (~pf − ~pi)2 − (EΠ(~pf )− EΠ(~pi))2 . (2.19)
For any chosen lattice momentum, the fit parameters are the energies EΠ and En, the
coefficients |ZΠ|2 and |Zn|2, and the form factor FΠ(Q2).
Notice that our fitting functions are not periodic in the Euclidean time direction. Be-
cause a form factor calculation has three widely-spaced times, ti, t, and tf , it is more eco-
nomical to use a Dirichlet boundary condition in the time direction for fermions. Therefore
the fitting functions described above are the correct ones for our simulations.
The second method used for the lattice analysis, which gives results that are in complete
agreement with the first method, is known as the ratio method. This second method uses
an explicit formula for the form factor, valid for ti  t tf :
FΠ(Q
2) =
C
(3)
UD(ti, t, tf , ~pi, ~pf )C
(2)
UD(ti, t, ~pf )
C
(2)
UD(ti, t, ~pi)C
(2)
UD(ti, tf , ~pf )
(
2EΠ(~pf )
EΠ(~pi) + EΠ(~pf )
)
. (2.20)
It is straightforward to derive this expression from the preceding equations. The ratio
method is very convenient because all Zn have canceled away, and the ratio EΠ(~pi)/EΠ(~pf )
is easy to obtain from the lattice two-point functions. All that remains is to fit the ratio
to a constant for each value of Q2. Another pleasant feature of eq. (2.20) is that the only
two-point function that extends all the way from ti to tf has momentum ~pf . Because we
always choose ~pf = ~0, our simulations will provide a precise numerical value for this factor
in the ratio.
3 Relationships among form factors
To determine what signal our DM candidate would induce to direct detection experiments,
we estimate the electromagnetic form factors. The u and d fermions in our action have
electroweak charges that are constrained by anomaly cancellation: they form a left-handed
weak doublet, right-handed weak singlets, and have electric charges Qu = +1/2 and Qd =
−1/2. Neither fermion carries QCD color. The five Goldstone bosons have valence structure
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ud, du, 1√
2
(uu− dd), ud and ud. Because it is symmetric under u↔ d, the DM candidate
ud has no electroweak elastic form factors if there is no isospin breaking. Only the two
electrically-charged Goldstones will have form factors in that case. If a source of isospin
breaking appears the electroweak elastic form factors will not vanish for the DM candidate
ud, and they will be related to the form factors of the charged Goldstones. Such a source of
isospin breaking is naturally expected to occur in Nature given that is already present for
the ordinary quarks, and moreover they are welcome because they can be used to further
diminish, or eliminate, the tension with the precision data. To mimic this source of isospin
breaking on the lattice we will simply assume two different explicit masses for the up and
down fermions.
Our lattice study can therefore follow the methods used for early quenched studies of
SU(2) gauge theory [47–49] and recent dynamical studies of SU(3) gauge theory [38, 40–46],
with the difference that our SU(2) fermions are dynamical.
The five Goldstone bosons form a multiplet within the remaining Sp(4) global sym-
metry, but that symmetry is not respected by electroweak interactions. There are also
deviations arising from mu 6= md. Here we derive some of the connections between corre-
lation functions of the Goldstone bosons.
To begin, we adapt a derivation provided in ref. [14]
C
(2)
ud (ti, tf , ~p) =
∑
~xi,~xf
e−i(~xf−~xi)·~p
〈
0
∣∣∣O(γ5)ud (xf )O(γ5)†ud (xi)∣∣∣ 0〉
=
∑
~xi,~xf
e−i(~xf−~xi)·~pTr
(
uT (xf )(−iσ2)Cγ5d(xf )d(xi)γ0γ†5C†(−iσ2)†γT0 uT (xi)
)
=
∑
~xi,~xf
e−i(~xf−~xi)·~pTr
(
u(xf )γ5d(xf )d(xi)γ0γ
†
5γ0u(xi)
)
= C
(2)
ud (ti, tf , ~p) (3.1)
where we have made use of two properties of the charge conjugation operator:
γµT = −CγµC† , (3.2)
[u(y)u(x)]T = C(−iσ2)u(x)u(y)C†(−iσ2)† . (3.3)
Similar derivations lead to the following relations among three-point correlation functions,
C
(3)
ud (ti, t, tf , ~pi, ~pf ) = T
u − T d , (3.4)
C
(3)
ud
(ti, t, tf , ~pi, ~pf ) = −T u + T d , (3.5)
C
(3)
ud
(ti, t, tf , ~pi, ~pf ) = T
u + T d , (3.6)
C
(3)
ud (ti, t, tf , ~pi, ~pf ) = −T u − T d , (3.7)
C
(3)
uu+dd
(ti, t, tf , ~pi, ~pf ) = 0 , (3.8)
where
TX =
∑
~xi,~x,~xf
e−i(~xf−~x)·~pf e−i(~x−~xi)·~pi
〈
0
∣∣∣O(γ5)ud (xf )V Xµ (x)O(γ5)†ud (xi)∣∣∣ 0〉 . (3.9)
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For the special case of mu = md, we find T
u = T d so only the charged Goldstones, ud
and du, have a nonzero form factor. In the general case of mu 6= md, we see that the DM
candidate ud (and its antiparticle) also has a form factor.
Lattice simulations could in principle determine T u and T d in the general case, but
they contain contributions from quark-disconnected diagrams that would require significant
computational resources. Lattice simulations withmu = md are more manageable, but then
T u = T d so there is no DM form factor in that case.
There is an explicit relationship between T u and T d in the large Nc limit. In that limit
hadronic resonances become narrow, so T u and T d are each written as a sum over vector
meson poles [50–52]. In practice those sums are dominated by the lightest vector mesons.
Perhaps surprisingly, this large Nc result has long been known to work rather well for QCD
despite the seemingly small value of Nc = 3. For example, the pi
+ form factor is dominated
by ρ0 meson exchange and the K+ form factor is dominated by ρ0 and φ meson exchange,
Fpi+(Q
2) ≈ 2
3
(
m2ρ
m2ρ +Q
2
)
+
1
3
(
m2ρ
m2ρ +Q
2
)
, (3.10)
FK+(Q
2) ≈ 2
3
(
m2ρ
m2ρ +Q
2
)
+
1
3
(
m2φ
m2φ +Q
2
)
. (3.11)
QCD also contains an example that exactly parallels our mu 6= md effects: the neutral
kaon has a nonzero form factor arising from md 6= ms. The experimental determination
of the neutral kaon charge radius [53] is dominated by the difference between ρ0 and φ
meson exchanges,
FK0(Q
2) ≈ −1
3
(
m2ρ
m2ρ +Q
2
)
+
1
3
(
m2φ
m2φ +Q
2
)
, (3.12)
〈r2〉K0 = −6
dFK0
dQ2
∣∣∣∣
Q2=0
. (3.13)
If the large Nc result were also applicable to our Nc = 2 technicolor template, then
lattice determinations of the vector meson masses would provide estimates of all Goldstone
form factors. Moreover, the dark matter form factors would be related to W± form factors.
In the following section we will perform a lattice simulation of the Goldstone form factor
in the mu = md limit, i.e. T
u + T d, and show that the large Nc result does indeed hold to
a good accuracy in our Nc = 2 theory.
4 The lattice results
The numerical work in this paper is based on the same configurations generated in [15].
A complete analysis of 500 configurations at (β,m0) = (2.2,−0.72) provides a first result
for the form factor. To consider discretization effects an analysis of 300 configurations at
(β,m0) = (2.0,−0.947) is performed. To study chiral extrapolation effects, an analysis
of 300 configurations at (β,m0) = (2.2,−0.75) is performed. All ensembles were created
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Figure 2. Squared energies of Goldstone bosons as functions of p2 = p2x + p
2
y + p
2
z. Straight lines
are m2Π + p
2 for the measured lattice mass mΠ.
with the HiRep code [54] for fully-dynamical plaquette-action SU(2) gauge theory with two
flavors of mass-degenerate Wilson fermions.
Extraction of the form factor requires the energies of Goldstone bosons that are moving
across the lattice. There is a direct relationship in the continuum,
E2 = m2 + p2 , (4.1)
and also on the lattice
Eˆ2 = 4 sinh2(m/2) + pˆ2 , (4.2)
Eˆ ≡ 2 sinh(E/2) , (4.3)
pˆ2 ≡ 4
3∑
i=1
sin2(pi/2) . (4.4)
Figure 2 shows three straight lines that represent the continuum relation; the only input
for those lines is the Goldstone mass because their slopes are completely determined by
kinematics. Direct lattice computations of the energy of a moving Goldstone boson are
also shown. Note that lattice discretization provides access to
~p =
2pi
L
(kxxˆ+ kyyˆ + kz zˆ) (4.5)
where L = 32 and we use 0 ≤ ki ≤ 3. Since the data presented in figure 2 lie on the
continuum lines, there is no indication of any discretization errors. This conclusion is true
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Figure 3. Squared energy of the vector meson as a function of p2 = p2x + p
2
y + p
2
z, for (β,m0) =
(2.2,−0.72). The straight line is m2V + p2 for the measured lattice mass mV .
of all three data sets up to p2 ∼ 0.6, though only one data set was shown for the full range
to avoid cluttering the plot.
More precise lattice data are obtained for the vector meson, in part because of the
ability to average over all three polarizations. Figure 3 shows the agreement with continuum
expectations for one data set. The mass agrees with ref. [14] and the momentum dependence
agrees with the continuum line. The other two data sets are displayed in figure 4 with the
coarser lattice extended as far as p2 ≈ 0.6. For comparison, that same data set is compared
to the lattice expectation in figure 5 where the required agreement is seen for all momentum
values. Though discretization effects are modest, we will ensure self-consistency by using
lattice relations rather than continuum relations when analyzing the form factor.
The vector meson is of interest to the present work because the Goldstone boson form
factor is expected to exhibit vector meson dominance. The straight lines in figure 4 indicate
that two of our ensembles have nearly-equal vector meson masses in lattice units, suggesting
that their form factors should also be similar, although figure 2 shows that their Goldstone
masses are not equal.
We choose the outgoing Goldstone to be at rest in our form factor computations,
so momentum flows from the incoming Goldstone to the photon coupling. All mo-
mentum directions are averaged for each configuration; for example, form factors with
(kx, ky, kz) = (1, 0, 2), (1,2,0), (2,0,1), (2,1,0), (0,1,2) and (0,2,1) in eq. (4.5) are all com-
puted and averaged to help reduce statistical errors. We use Dirichlet boundary conditions
in the time direction for fermions in the measurements, meaning that fermions do not propa-
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Figure 4. Squared energies of the vector meson as functions of p2 = p2x + p
2
y + p
2
z, for (β,m0) =
(2.0,−0.947) and (β,m0) = (2.2,−0.75). Straight lines are m2V + p2 for the measured lattice
mass mV : dashed line for (β,m0) = (2.0,−0.947), dotted line for (β,m0) = (2.2,−0.75), and (for
comparison) solid line for (β,m0) = (2.2,−0.72).
gate beyond the lattice’s temporal boundaries. However, the configurations were generated
using periodic boundary conditions in time directions. The Goldstone creation operator
is placed at the fifth time step from the lattice’s left edge (ti = 4) and the annihilation
operator is placed at the fifth from the right (tf = 27).
As an example of lattice data for the form factor, figure 6 shows the raw form factor
data for the right-hand side of eq. (2.20) with one particular momentum in the (β,m0) =
(2.2,−0.72) ensemble. There is a broad range of Euclidean times between ti and tf where
the ratio is indeed constant, allowing the form factor to be read from the plot. When a
similar plot is made for vanishing momentum, the form factor is exactly equal to unity due
to our use of the conserved vector current which obeys the corresponding lattice Ward-
Takahashi identity.
The four-momentum transfer is defined by
q = (~pf − ~pi, Ef − Ei) (4.6)
and putting that into the continuum dispersion relation, eq. (4.1), gives
Q2 ≡ −q2 = (~pf − ~pi)2 − (Ef − Ei)2 (4.7)
while putting it into the lattice dispersion relation, eq. (4.2), gives
Qˆ2 ≡ −q2 = −4 arcsinh2
√√√√sinh2(Ef − Ei
2
)
−
∑
j=x,y,z
sin2
(
(pf − pi)j
2
)
(4.8)
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Figure 5. Squared energy of the vector meson as a function of pˆ2 = 4 sin2(px/2) + 4 sin
2(py/2) +
4 sin2(pz/2), for (β,m0) = (2.0,−0.947). The straight line is 4 sinh2(mV /2) + pˆ2 for the measured
lattice mass mV .
Any difference between the lattice and continuum expressions is due to discretization errors
that are small for our ensembles.
Numerical results for the form factor at (β,m0) = (2.2,−0.72) are shown in figure 7.
The lattice data have the shape of a simple vector meson pole, but with a mass parameter
significantly different from the lattice vector meson mass. As mentioned previously, our
coarser lattice has almost the same vector meson mass so it should give essentially the
same form factor, and figure 8 verifies this expectation. It too is thus significantly below
its vector meson pole.
It is no surprise that the lightest vector meson does not explain the entire Goldstone
form factor. For QCD, chiral perturbation theory contains correction terms suppressed by
powers of m2pi/Λ
2
χ [39] and similar terms are present in our SU(2) theory. In fact, the SU(2)
theory has five Goldstone bosons instead of only three. If such chiral terms are responsible
for the difference between lattice results and the vector pole, then that difference should
be reduced when the fermion mass is reduced. Figure 9 supports this view by showing
that the vector meson pole is in statistical agreement with lattice results at our lightest
fermion mass.
5 Photon-dark matter form factor: the basics
To make predictions for experimental searches, we can follow the general framework for
technicolor DM developed in [5]. A more elaborate discussion is presented in following
sections. Here we give only some basics.
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Figure 6. The ratio definition of the Goldstone boson form factor, eq. (2.20), for momentum
(kx, ky, kz) = (1, 1, 0) in the ensemble having (β,m0) = (2.2,−0.72). The energetic Goldstone is
created at ti = 5, the stationary Goldstone is annihilated at tf = 27, and the ratio should be fit to
a constant for Euclidean times t that satisfy ti  t tf .
The charge radius of a scalar couples to the photon as follows:
LB = iedB
Λ2
φ∗
←→
∂µφ∂νF
µν (5.1)
In our case we have a specific expression for the coefficient,
dB
Λ2
= lim
Q2→0
1
Q2
[
1
2
m2ρu
m2ρu +Q
2
− 1
2
m2ρd
m2ρd +Q
2
]
(5.2)
=
m2ρu −m2ρd
2m2ρum
2
ρd
(5.3)
which, for small isospin breaking (mρu ≈ mρd ≡ mρ), corresponds to
Λ = mρ , (5.4)
dB = (mρu −mρd)/mρ . (5.5)
For the numerical value of mρ we use 2.5± 0.5 TeV [15].
Also from [5], the cross section for a DM particle φ scattering from a nucleon through
photon exchange is
σγp =
µ2
4pi
(
8piαdB
Λ2
)2
(5.6)
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Figure 7. Lattice result for the Goldstone form factor at (β,m0) = (2.2,−0.72). The solid curve
is the prediction from a simple vector meson pole with vector mass taken directly from our lattice
simulation. The dashed and dotted curves are shown only to aid comparison with figures 8 and 9.
where µ = mφmN/(mφ + mN ). Assuming mφ > mN , we see that mN/2µ < mN and the
only remaining unknown is |dB| which is clearly less than unity. We therefore have an
upper bound on the cross section in this model,1
σγp < 2.3× 10−44 cm2 . (5.7)
However, it is important to consider the cross section for scattering through Higgs exchange
as well, which can interfere with photon exchange. This issue will be addressed in the
upcoming section 6.
6 Adding the composite Higgs
Besides the photon interactions we expect also a composite Higgs exchange [5, 8, 11, 30].
The relevant, for detection experiments, Lagrangian terms between our DM candidate and
the composite Higgs are
d1
Λ
h ∂µφ
∗∂µφ+
d2
Λ
m2φ hφ
∗φ . (6.1)
We have taken into account the pseudo-Goldstone nature of the DM field φ and therefore
we expect d1 and d2 to be order unity.
1Note that we could perform the simulations with degenerated fermion masses as the isospin breaking
is only parameterized by the small unknown dB .
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Figure 8. Lattice result for the Goldstone form factor at (β,m0) = (2.0,−0.947). The dashed
curve is the prediction from a simple vector meson pole with vector mass taken directly from our
lattice simulation. The solid and dotted curves are shown only to aid comparison with figures 7
and 9.
Making the further minimal assumption that the composite Higgs state couples to
the standard model fermions with a strength proportional to their masses, as it is for the
ordinary Higgs, the zero momentum transfer cross section of φ scattering off a nucleus with
Z protons and A− Z neutrons is [5, 11]
σA =
µ2A
4pi
|Zfp + (A− Z)fn|2 , (6.2)
where
fn = dHf
mp
m2Hmφ
, fp = fn − 8piαdB
Λ2
, (6.3)
mp is the nucleon mass, µA is the φ-nucleus reduced mass and f ∼ 0.3 parametrizes the
Higgs to nucleon coupling and we have defined [30]:
dH = −d1 + d2
vEW Λ
m2φ . (6.4)
The event rate for generic couplings fn and fp is
R = σp
∑
i
ηi
µ2Ai
µ2p
IAi |Z + (Ai − Z)fn/fp|2 , (6.5)
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is the prediction from a simple vector meson pole with vector mass taken directly from our lattice
simulation. The solid and dashed curves are shown only to aid comparison with figures 7 and 8.
where ηi is the abundance of the specific isotope Ai in the detector material, and IAi
contains all the astrophysical factors as well as the nucleon form factor FAi(ER). For a
given isotope we have
IAi = NT nφ
∫
dER
∫ vesc
vmin
d3v f(v)
mAi
2vµ2Ai
F 2Ai(ER) . (6.6)
Here mAi is the mass of the target nucleus, NT is the number of target nuclei, nφ is the
local number density of DM particles, and f(v) is their local velocity distribution. The
velocity integration is limited between the minimum velocity required in order to transfer
a recoil energy ER to the scattered nucleus, vmin =
√
mAER/2µ2A, and the escape velocity
from the galaxy vesc. The φ-proton cross section σp = µ
2
p |fp|2 /4pi can be easily obtained
by setting A = Z = 1 in eq. (6.2).
Direct DM search collaborations quote constraints on generic WIMP-nuclei cross
sections normalized to the WIMP-nucleon cross section σexpp (assuming conventionally
fn = fp). Therefore the experimentally constrained event rate can be cast in the following
form
R = σexpp
∑
i
ηi
µ2Ai
µ2p
IAiA
2
i . (6.7)
Equating eqs. (6.5) and (6.7) yields the experimental constraints on the generic WIMP-
– 15 –
J
H
E
P
1
2
(
2
0
1
4
)
1
3
0
super CDMS
LUX
XENON100
10 1005020 20030 30015 15070
10-46
10-45
10-44
10-43
10-42
10-41
10-40
DM mass, mΦ @GeVD
D
M
-
p
ro
to
n
cr
o
ss
se
ct
io
n
,
Σ
p
@c
m
2
D
dB=-1, d1+d2=1
super CDMS
XENON100
LUX
10 1005020 20030 30015 15070
10-46
10-45
10-44
10-43
10-42
10-41
10-40
DM mass, mΦ @GeVD
D
M
-
p
ro
to
n
cr
o
ss
se
ct
io
n
,
Σ
p
@c
m
2
D
dB=-0.1, d1+d2=1
Figure 10. Exclusion contours in the (mφ, σp) plane for dB = −1 (left panel) and dB = −0.1
(right panel). The red-dotted contour is the exclusion plot by Super CDMS [37]; and the black and
blue lines are respectively the exclusion plots from Xenon100 [33] and LUX [36] experiments. The
composite Goldstone DM cross sections are the black-dot-dashed curves for d1 + d2 = 1 in both
figures with dB = −1 for the left figure and dB = −0.1 for the right one.
proton cross section σp with arbitrary couplings fp and fn
σp = σ
exp
p
∑
i ηiµ
2
Ai
IAiA
2
i∑
i ηiµ
2
Ai
IAi |Z + (Ai − Z)fn/fp|2
. (6.8)
Provided that the factors IAi do not change significantly from one isotope to another as it
is the case [30], they drop out from the ratio.
In the left and right panels of figure 10 we plot the exclusion limits from Super CDMS,
Xenon100 and LUX in the (mφ, σp) plane for dB = −1 (left panel) and dB = −0.1 (right
panel). In both cases we used the value d1 + d2 = 1. From the figure we observe that LUX
and XENON100 start putting interesting constraints on the composite GB DM parameters
for masses between 15 and 300 GeV. In particular we cannot have too large values for the
isospin breaking parameter dB.
7 Conclusions
We now summarize the usefulness and limitations of the present work, beginning with
the numerical output relevant for experimental dark matter searches, and then discussing
lessons applicable to future lattice studies.
Our calculated results for the dark matter-proton cross section are displayed in fig-
ure 10. Though both photon exchange and composite Higgs exchange were included, it
is important to notice that composite Higgs exchange is essentially negligible in figure 10.
To see this, notice that reducing |dB| from 1.0 to 0.1 reduces the cross section by about
a factor of 100. This is simply the factor of d2B from photon exchange in eq. (5.6). This
result holds true for any reasonable choice for the parameters of composite Higgs exchange
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in section 6. Those parameters could become relatively more important as |dB| shrinks,
but will remain far beyond experimental reach for some time.
Our calculation of the cross section depends on vector meson dominance (VMD) pro-
viding a reasonable description for the GB form factor. Figure 9 shows that VMD works
well for our ensemble that is closest to the continuum limit and chiral limit, while figures 7
and 8 show that the dependences on lattice spacing and on quark mass are consistent with
qualitative expectations (see section 4), but of course this is not a rigorous proof of VMD
in this theory. Additional lattice studies by other researchers are encouraged. In principle,
a direct lattice simulation of the cross section at mu 6= md could be performed to bypass
the need for VMD entirely, but disconnected diagrams would make that very costly. For
the present work, we must rely on VMD tested numerically to the extent that our lattice
simulations would allow in section 4.
We find that the theoretical composite GB DM cross section (the black dot-dashed
curves of figure 10) is constrained by the most stringent experiments for sufficiently large
weak isospin breaking and a composite GB DM mass between 15 and 300 GeV. The maxi-
mal size of the cross section with ordinary matter, at low energies, is set by having explicitly
shown, via lattice simulations, that in this theory the relevant form factors are saturated
by a single vector meson exchange whose mass is in the 2.5 TeV energy range.
If the isospin breaking parameter is small one can envision models with larger cross
sections. These would require smaller values of the vector masses which can be obtained, for
example, by rendering the theory near conformal by either adding new matter gauged under
the composite dynamics and singlet with respect to SM interactions [2, 8], and/or changing
the matter representation or the composite gauge group [10, 61]. Lattice investigations of
non-GB composite DM were performed in [26–29].
Numerical results in the present paper are specific to SU(2) gauge theory with 2 fun-
damental fermions. More realistic models could be built by extending this in various
alternative ways, and of course the cross section will change in each case. Our calcula-
tional scheme could be applied to these extended models also, one at a time, by testing
VMD and then avoiding disconnected diagrams whenever VMD is satisfied.2 We hope this
proposed scheme, tested in this paper for the basic template theory, will encourage new
lattice studies of interesting candidate theories using the same method.
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A Lattice measurements
In this appendix we list the numbers of the lattice measurements of FΠ in table 1.
β m0 Q
2 FΠ
2.0 -0.947 0 1(0)
2.0 -0.947 0.03638 0.80(3)
2.0 -0.947 0.0695 0.71(3)
2.0 -0.947 0.1002 0.62(4)
2.0 -0.947 0.1279 0.57(6)
2.0 -0.947 0.1554 0.52(4)
2.0 -0.947 0.1815 0.46(4)
2.0 -0.947 0.2301 0.43(5)
2.0 -0.947 0.2537 0.39(5)
2.2 -0.72 0 1(0)
2.2 -0.72 0.03698 0.839(14)
2.2 -0.72 0.07154 0.73(3)
2.2 -0.72 0.1042 0.64(3)
2.2 -0.72 0.1341 0.52(5)
2.2 -0.72 0.1639 0.49(5)
2.2 -0.72 0.1927 0.45(4)
2.2 -0.72 0.2466 0.39(5)
2.2 -0.72 0.2729 0.37(5)
β m0 Q
2 FΠ
2.2 -0.72 0.2689 0.34(6)
2.2 -0.72 0.2948 0.30(6)
2.2 -0.72 0.3201 0.32(6)
2.2 -0.72 0.3476 0.32(5)
2.2 -0.72 0.3683 0.23(6)
2.2 -0.72 0.3922 0.24(5)
2.2 -0.75 0 1(0)
2.2 -0.75 0.0346 0.79(3)
2.2 -0.75 0.0639 0.64(4)
2.2 -0.75 0.09 0.58(5)
2.2 -0.75 0.113 0.50(6)
2.2 -0.75 0.1352 0.44(6)
2.2 -0.75 0.1561 0.45(5)
2.2 -0.75 0.1942 0.30(6)
2.2 -0.75 0.2097 0.34(8)
2.2 -0.75 0.2275 0.29(6)
2.2 -0.75 0.2447 0.32(5)
Table 1. The values for FΠ.
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